DNA [22, 23] . Classifying animal mitochondria into high and low C/G groups, the 1 1 0 content of the first three nucleotides could be similarly expressed by the forth nucleotide 1 1 1 content [23], although animal mitochondria deviated from Chargaff's second parity rule 1 1 2 [24, 25] (Fig 1a) . Vertebrate mitochondria overlapped with the high C/G invertebrates, 1 1 3 which have high C content (Fig 1a) , indicating that both groups were descended from 1 1 4 the same origin [12, 13] , and that more highly evolved organisms seem to have a greater 1 1 5 cytosine content [11] . Non-animal mitochondria and chloroplasts obeyed Chargaff's 1 1 6 rules [23] . C contents in cellular organelles and chromosomal DNA vs G contents were 1 1 7 expressed with linear regression lines, which crossed at a single point (Fig 1a) . This is 1 1 8 consistent with our previous findings [11, 12] . In addition, we found that nucleotide 1 1 9 content relationships in viral DNA were heteroskedastic (Fig 1b) . Based on the normalization of the four nucleotides (G + C + T + A = 1), the GC mitochondrial, and chloroplast DNA, but also in animal mitochondrial DNA ( Fig. 1c) . The same result was obtained for viral DNA (Fig 1d) . Assuming irreversible divergence, 1 3 7 it is generally thought that GC content increases along with biological evolution. Thus, 1 3 8 the organelles that have the lowest GC content might be the most primitive. In the 1 3 9 current study, the GC content of the mtDNA of the choanozoan M. brevicollis was the A previous study [11] stated that the C content of complete mitochondrial 1 4 6 genomes reflects biological evolution better than the GC content. Based on the paniscus, Pan troglodytes, and Gorilla gorilla (Fig 1e) . Amongst the viral genomes, the virus was the highest (Fig 1f) . The complete genome is represented by four nucleotide contents based on more 1 5 7 than a certain amount of randomly chosen fragments, as well as on completely linear 1 5 8 fragments [26, 27] . Therefore, when the whole genome of bacterium Ureaplasma 1 5 9 urealyticum (G; 0.131, C; 0.127) was sequentially divided into nine equal fragments, the 1 6 0 amounts of the four nucleotides in each fragment were quite similar (Fig 2a) . This is 1 6 1 consistent with our previous results, which indicated that a whole genome may be 1 6 2 1 0 constructed from small units with similar amino acid compositions [26, 27] . Nucleotide 1 6 3 content fragments 5 and 6 of the U. urealyticum genome (Fig 2b and 2c) . The ratios of The skew seems to be based on differences in replication processes between the leading 1 6 6 and lagging strands 27 . In particular, replication of the lagging strand increases the 1 6 7 probability of mutations as a result of the deamination of cytosine, and the inversion of Plotting the GC skew vs. G content was used to classify animal mitochondria into two 1 7 1 groups: high and low C/G 11 . In M. brevicollis mitochondria, the nine DNA fragments 1 7 2 showed almost the same nucleotide contents ( Fig. 2d ), as was observed in U. (Fig 2a) . However, GC and AT content difference inversions were not 1 7 4 observed in M. brevicollis mtDNA (G: 0.081, C: 0.059) (Fig 2e and 2f) . Thus, the M. brevicollis mitochondrion might be more primitive than the U. urealyticum chromosome. These results clearly indicate that nucleotide content differences such as (G -C) and (A 1 7 7 -T) reflect biological evolution. Therefore, the other nucleotide content differences, (G 1 7 8 -A, G -T, C -A and C -T), were examined to determine whether or not these values 1 7 9 reflect biological evolution. were sequential divided into three fragments throughout subsequent analyses, from and (T -A) values for M. brevicollis mtDNA were the lowest amongst these species. Based on genome sequencing, choanoflagellates are most closely related to animals [33]. As the nucleotide content difference patterns of the three fragments were almost 1 9 9 identical for these three species, their nucleotide distributions were judged to be 2 0 0 homogeneous, indicating nucleotide content symmetry. Thus, these mitochondria are americana mitochondrion is probably more evolved than the former three mitochondria. In addition, AT inversion occurred in the following more highly evolved organisms: fragments were observed for the mtDNA of representatives of the following phyla: (S1 Fig.) . A positive (C -T) value was characteristically observed in the three fragments 2 2 7 of Echinodermata species Acanthaster planci, the second and third fragments of ornata. CT inversion occurred in H. rubra and L. ornata mtDNA (S1 Fig.) . The and AT inversions were observed in B. carnosus mtDNA (S1 Fig.) . Neither nucleotide 2 3 5 inversion nor positive nucleotide differences were observed in the mtDNA of In the mtDNA of primate species H. sapiens, P. troglodytes, G. gorilla, Macaca 2 3 8 mulatta, Daubentonia madagascariensis, Nycticebus coucang, and Tupaia belangeri, 2 3 9 nucleotide content difference patterns were quite similar in the first four species, and 2 4 0 large positive increases in (C -T) differences in the three fragments clearly indicated 2 4 1 evolutionary divergence (Fig. 4) . The positive (C -T) differences in all three fragments 2 4 2 were characteristic of these four primate mitochondria, while positive increases in (C - that mitochondrial structures respect epigenomic evolutionary functions. The mitochondria of other vertebrates (S1 Text.), rodents (S2 Fig), 2 5 5 ocean-dwelling mammals, cetaceans, aves (S2 Fig.) , amphibians (S2 Fig.) , reptiles (S2 2 5 6 Fig.) , and fishes (S2 Fig.) were also examined. In these organelles, differences in (G - increased along with evolution. Consistent results were also obtained from non-animal 2 5 9 mitochondria and chloroplasts (S3 Fig.) , as well as prokaryotes (S4 Fig.) . In the 2 6 0 microsporidian protozoan Encephalitozoon cuniculi, GC and AT inversions, as well as 2 6 1 other nucleotide content inversions, were observed (S5 Fig.) . The M. sanguinipes Entomopoxvirus genome had the lowest G content among 2 6 5 the viruses examined (Fig. 1) , and AT inversion was also observed (S6 Fig.) . In P. ursinus Cytomegalovirus, whose GC content was the highest, both GC and AT 2 6 7 inversions occurred. Mollivirus sibercum, which had the lowest C content, showed both 2 6 8 GC and AT inversions, while DeBrazza's monkey virus 1 showed both GA and GT inversions. Ebola haemorrhagic fever, caused by the Ebola virus, can be fatal in humans.
7 1
The Reston, Sudan, and Zaire strains did not show any nucleotide inversion in the three 2 7 2 genome fragments (Fig. 5 ). In the Tai Forest and Bundibugyo strains, however, CT 2 7 3 inversion was clearly observed in the first fragment, and was accompanied by a 2 7 4 decrease in GT content difference. These nucleotide content differences corresponded to Nucleotide content differences were calculated in vertebrate mitochondria (S7 reflects not only Chargaff's parity rules, based on hydrogen bonding between two 3 1 8 nucleotides, but also natural rule.
1 9
A linear regression line was not obtained when using randomly chosen value 3 2 0 ( Fig. 6c ). Furthermore, plotting (X -Y)/(X + Y) against (X/Y), the following 3 2 1 logarithmic function was obtained for all tested genomes as well as when using randomly chosen values (Fig. 6 a' -c') : (X -Y)/(X + Y) = a ln (X/Y) + b. As (b) was indicate that cellular organelle evolution is strictly controlled under these characteristic Our findings showed that the most primitive extant ancestor of all living In addition, the relationship between the ratio (X/Y) and (X -Y)/(X +Y) can be 
